Neurofibromatosis type I (NF1) is a genetic disorder caused by mutations in the NF1 tumor suppressor gene. Neurofibromin is encoded by NF1 and functions as a negative regulator of Ras activity. Somatic mutations in the residual normal NF1 allele within cancers of NF1 patients is consistent with NF1 functioning as a tumorsuppressor. However, the prevalent non-malignant manifestations of NF1, including learning and bone disorders emphasize the importance of dissecting the cellular and biochemical effects of NF1 haploinsufficiency in multiple cell lineages. One of the least studied complications of NF1 involves cardiovascular disorders, including arterial occlusions that result in cerebral and visceral infarcts. NF1 vasculopathy is characterized by vascular smooth muscle cell (VSMC) accumulation in the intima area of vessels resulting in lumen occlusion. We recently showed that Nf1 haploinsufficiency increases VSMC proliferation and migration via hyperactivation of the Ras-Erk pathway, which is a signaling axis directly linked to neointima formation in diverse animal models of vasculopathy. Given this observation, we tested whether heterozygosity of Nf1 would lead to vaso-occlusive disease in genetically engineered mice in vivo. Strikingly, Nf11/2 mice have increased neointima formation, excessive vessel wall cell proliferation and Erk activation after vascular injury in vivo. Further, this effect is directly dependent on a Gleevec sensitive molecular pathway. Therefore, these studies establish an Nf1 model of vasculopathy, which mirrors features of human NF1 vaso-occlusive disease, identifies a potential therapeutic target and provides a platform to further dissect the effect of Nf1 haploinsufficiency in cardiovascular disease.
INTRODUCTION
Neurofibromatosis type 1 (NF1) is an autosomal disorder that affects 1 in 3500 individuals (1, 2) . NF1 results from mutations in the NF1 tumor suppressor gene, which encodes the protein neurofibromin (3) . Neurofibromin functions as a p21 ras (Ras) GTPase activating protein (GAP) to negatively regulate Ras signaling (4 -8) . The detection of somatic mutations in the residual normal NF1 allele within the cancers of individuals with NF1 is consistent with NF1 functioning as a tumorsuppressor gene (9) . However, evidence in selected lineages now indicates that analogous to recent discoveries in p53 and p27, gene dosage effects of NF1 alter cell fates and functions (10, 11) . The most recent studies using Nf1þ/2 cells have focused on the role of Nf1 haploinsufficiency in lineages of the tumor micro-environment of plexiform neurofibromas and optic gliomas (12 -14) . However, a phenotype in long-term learning in Nf1þ/2 mice, similar to a spatialvisual discoordination observed in NF1 patients, has been established (15) . The high frequency of non-malignant manifestations in NF1 patients, including learning deficits and osseous abnormalities, such as osteoporosis, suggest the importance of NF1 haploinsufficiency in multiple cell lineages (15, 16) . Recognition of the cellular and biochemical underpinnings of these physical findings is important in identifying specific molecular therapies and in disease treatment and prevention.
One of the least studied complications of NF1 involves disorders of the cardiovascular system. Although the exact frequency of vascular lesions is unknown, vasculopathy is an under-recognized complication of the disease and contributes to excess morbidity and mortality particularly among younger patients (17 -20) . Specifically, NF1 patients develop renal artery stenosis and arterial occlusions that result in cerebral and visceral infarcts (17 -21) . NF1 vascular lesions are characterized by an accumulation of vascular smooth muscle cells (VSMCs) in the intima area of the vessel (termed neointima formation) resulting in lumen occlusion (17, 22, 23) .
We recently demonstrated that neurofibromin deficient VSMCs have increased proliferation and migration in response to platelet-derived growth factor-BB (PDGF-BB) via hyperactivation of the canonical Ras-Erk pathway (24) . This observation is intriguing and provides potential insights into NF1 vasculopathy given the emerging paradigm in vascular biology where tight control of the PDGF-BB-Ras-Erk signaling axis in VSMCs is critical for maintaining VSMC homeostasis in blood vessel walls and preventing premature development of vascular occlusive disease (25 -31) . Specifically, mice harboring genetic mutations that increase signaling through the PDGF-BB-Ras-Erk signaling axis develop exaggerated neointimal hyperplasia and arterial occlusive disease reminiscent of the cerebrovascular complications, which develop in some NF1 patients (26 -29,31 -36) . Despite these prior observations, it remains unclear whether heterozygous inactivation of Nf1 leads to increased neointima formation after vascular injury in vivo. This is an important question since a major obstacle in understanding the pathogenesis and treatment of NF1 vasculopathies is the lack of an animal model that recapitulates the human disease (17) .
Therefore, we performed a well-established murine carotid artery injury model of neointima formation in Nf1þ/2 and wild-type (WT) mice to compare their vascular responses. Strikingly, Nf1þ/2 mice have increased neointima formation, excessive vascular wall cellular proliferation and Erk activation in response to vascular injury. Further, we provide evidence that treatment of Nf1þ/2 mice with imatinib mesylate (Gleevec), a pharmacological inhibitor of the PDGF-BB-RasErk pathway, inhibits neointima formation after arterial injury providing a novel molecular target for NF1 vasculopathies.
RESULTS
Nf11/2 mice have increased neointima formation and vessel lumen occlusion in response to mechanical arterial injury Heterozygous inactivation of Nf1 increases VSMC proliferation and migration in response to PDGF-BB stimulation in vitro (24) , which are cellular functions linked to neointima formation in vivo (26-29,31 -33) . Therefore, based on these prior studies, we tested whether Nf1þ/2 mice had increased neointima formation in response to mechanical arterial injury in vivo compared with WT controls utilizing a well established surgical model (37) . The C57BL/6 murine strain was utilized for these experiments since previous studies indicate that C57BL/6 mice are more resistant to neointima formation in response to injury compared with other strains (38) . Therefore, we hypothesized that use of C57BL/6 mice would allow us to interrogate whether Nf1 haploinsufficiency would enhance neointima formation on a relatively resistant murine genetic strain.
Briefly, the endothelium of the common carotid artery of WT and Nf1þ/2 mice was denuded using a beaded wire and the mice were allowed to recover for 21 days postoperatively. Whole carotid arteries were then harvested and analyzed to quantify the animal's response to injury. For each animal, the contralateral carotid artery served as an uninjured control compared with the injured vessel. To quantitate differences between the two experimental genotypes, morphometric analysis on arterial cross-sections was completed by measuring lumen, intima and media area. From these measurements, the intima-to-media (I/M) ratio was calculated for the injured and uninjured arteries. The I/M ratio is a widely used measurement to predict the development of cardiovascular morbidity (39) . Of note, animals in which the internal elastic lamina (IEL) was damaged by the mechanical injury were excluded from the study.
Histological examination of the uninjured carotid arteries from WT and Nf1þ/2 mice demonstrated the absence of a neointima and revealed no structural differences in vessel architecture between the two experimental genotypes (Fig. 1A) . However, in response to arterial injury, Nf1þ/2 mice had increased vessel occlusion compared with WT controls (Fig. 1A) . A representative low and high power image of a hematoxylin -eosin (H&E) stain of an arterial cross-section of uninjured and injured vessels harvested from WT and Nf1þ/2 mice is shown in Figure 1A . Detailed morphometric analysis revealed that the injured arteries isolated from Nf1þ/2 mice had a 5-fold increase in intima area compared with WT controls (Fig. 1B) . No significant difference was observed in the media area in response to injury between the two genotypes (data not shown) indicating Nf1þ/2 mice have increased accumulation of cells in the intima area resulting in partial lumen occlusion. Of note, the C57/BL6 WT mice formed a small neointima after arterial injury, which is similar to previously published reports utilizing this murine strain (38, 40) . Based on intima and media measurements, the I/M ratios of the injured arteries harvested from Nf1þ/2 mice were 3.5-fold higher than WT controls (Fig. 1C) . Further, Nf1þ/2 mice had a 6-fold increase in percent lumen stenosis in response to injury compared with WT mice (Fig. 1D) . Therefore, this data clearly demonstrates that heterozygous inactivation of Nf1 greatly accelerates neointima formation and vessel lumen occlusion after arterial injury.
Nf11/2 mice have increased numbers of VSMCs, proliferating cells and augmented Erk activation in the evolving neointima PDGF-BB binding to its receptor activates both the Ras-Erk and PI-3 kinase-Akt signaling pathways, which regulate the proliferation and migration of VSMCs (41 -43) . Our previous data demonstrates that heterozygous inactivation of Nf1 increases both murine and human VSMC proliferation and (24) . Therefore, in order to better understand the mechanism of increased neointima formation in Nf1þ/2 mice, we identified VSMCs, proliferating resident neointima cells and Erk activation after arterial injury utilizing immunohistochemistry. In response to arterial injury, the evolving neointima in both WT and Nf1þ/2 mice was composed primarily of VSMCs, as detected by immunohistochemical staining of cells with an anti-alpha smooth muscle actin (a-SMA) antibody in arterial cross-sections (Fig. 2) . For both WT and Nf1þ/2 mice, VSMCs accounted for at least 75% of the cells in the neointima, which is consistent with previously published reports (30, 40, 44) . This, however, may be an underestimation of the total number of VSMCs in the neointima because vascular injury produces phenotypic changes in VSMCs that down regulate expression of proteins including a-SMA (45) . Further, the injured vessels harvested from Nf1þ/2 mice had increased cellular proliferation in the neointima compared with WT controls (Fig. 3A) . Cellular proliferation in the neointima was determined by immunohistochemical staining of arterial cross-sections for the presence of Ki67, a nuclear protein that is expressed in all cells active in cell cycle (46) . Specifically, Nf1þ/2 injured vessels had an 20-fold increase in the percent of proliferating cells in the neointima, which expressed the Ki67 antigen, compared with WT controls 21 days post injury (Fig. 3B ). Co-staining of arterial cross-sections with Ki67 and a-SMA indicated that the cells which express Ki67 also co-expressed a-SMA (data not shown). Therefore, the increased neointima area in Nf1þ/2 mice compared with WT mice can be attributed to increased proliferation of VSMCs in response to mechanical injury.
Activation of the Ras-Erk pathway in vivo in response to arterial injury was determined by staining injured arterial cross-sections with an antibody directed against phosphorylated-Erk. Consistent with increased numbers of VSMCs and cellular proliferation in the neointima, Nf1þ/2 mice had a 7-fold increase in Erk phosphorylation compared with WT controls 21 days after arterial injury (Fig. 4) . Therefore, Nf1þ/2 mice have excessive cell proliferation, VSMC accumulation and Erk activation in the evolving neointima compared with WT controls after mechanical arterial injury.
Administration of Gleevec inhibits neointima formation in Nf11/2 mice after mechanical arterial injury
Gleevec is a potent inhibitor of the PDGF-BB signaling axis in VSMCs and prevents neointima formation and aneurysms in vivo in mice genetically predisposed to diverse vasculopathies (32) . Given our prior experimental observations implicating hyperactivation of the PDGF-BB-Ras-Erk signaling pathway in the neointima formation in Nf1þ/2 mice, we tested 
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whether pre-administration of Gleevec would inhibit neointima formation in Nf1þ/2 mice after arterial mechanical injury. We utilized a Gleevec treatment protocol which had previously been shown to prevent neointima formation in other murine models of vascular disease (47) . Specifically, either PBS or 50 mg/kg Gleevec was administered daily to WT and Nf1þ/2 mice intraperitoneally beginning 3 days prior to arterial injury and continued for 7 days post injury. Mice were then sacrificed 21 days postoperatively for analysis. In response to carotid injury, Gleevec treatment greatly reduced neointima formation in Nf1þ/2 mice compared with PBS treatment (Fig. 5A) . Specifically, Gleevec-treated Nf1þ/2 mice had a 4-fold reduction in I/M ratio compared with PBS-treated Nf1þ/2 mice (Fig. 5B ) in response to carotid injury. No significant difference was seen in response to injury in the I/M ratios of WT mice when comparing PBS with Gleevec treatment. This is consistent with the fact that C57BL/6 WT mice are resistant to neointima formation in response to mechanical injury (38, 40) . Further, immunohistochemistry indicates that Gleevec treatment reduced cellular proliferation as well as Erk phosphorylation in Nf1þ/2 mice in response to injury compared with PBS treatment (Fig. 6) . Thus, this data indicates that enhanced neointima formation in Nf1þ/2 mice in response to vascular injury is mediated via a Gleevec sensitive pathway.
DISCUSSION
NF1 is an autosomal dominant genetic disorder with a wide range of both malignant and non-malignant clinical manifestations. In contrast to some NF1 cancers where loss of heterozygosity at the NF1 allele is a prerequisite for tumor development, many of the non-malignant complications of NF1, including learning disorders, skeletal abnormalities and vascular disease occur secondary to aberrant NF1þ/2 cellular functions within a specific tissue microenvironment (15, 16, 22, 48, 49) . Thus, study of the effects of NF1 haploinsufficiency in different cell lineages is imperative for understanding the diverse morbidities associated with NF1. Vasculopathy associated with NF1 is an under-recognized complication of the disease and contributes to significant premature morbidity and mortality in patients. An 
NF1 vasculopathy was first described in 1945 (22) . Since the original report, multiple clinical studies demonstrate that different locations within the entire arterial tree may be affected in NF1 patients (18, 21) . In 2001, an analysis of 3253 death certificates of persons with NF1 indicated that the median age of death for NF1 patients was 15 years less than that of the general population (19) . In this report, a diagnosis suggestive of NF1 vasculopathy was listed 7.2 times more often than expected among NF1 patients ,30 years old at the time of death and 2.2 times more often than expected among patients 30 -40 years old at the time of death (19) . Another study demonstrated that 2.5% of children with NF1, who had undergone brain MRI, were found to have cerebrovascular system abnormalities including narrowed vessels, moya-moya, vascular stenosis and aneurysm (20) . Although rare, sudden death is also linked to NF1 vascular disease secondary to vessel occlusion (23) . Despite numerous clinical observations of NF1 vasculopathy, the molecular mechanisms which control the development and progression of vascular disease in NF1 patients are incompletely understood.
An emerging paradigm in vascular biology is that neointima formation in response to injury is tightly controlled by the Ras-Mek-Erk signaling axis in resident cells within the vascular wall including endothelial cells (ECs) and VSMCs (26 -29,35,43) . Specifically, prior animal studies indicate that increased Ras activation augments VSMC proliferation and migration, and the subsequent development of vascular lesions (26, 31, 32, 34) . These vascular lesions are characterized by intimal wall hyperplasia and neointima formation, which ultimately leads to occlusive vascular disease. In support of the importance of Ras in occlusive vascular disease, adenoviralmediated transfer of a dominant negative H-Ras into VSMCs prevents the development of stenotic lesions in rats after mechanical arterial injury by inhibiting the proliferation and migration of VSMCs (26) . Similar results were obtained when animals were treated with a chemical Ras farnesyltransferase inhibitor prior to arterial mechanical injury (27) .
The importance of Ras activation in neointima formation was further highlighted in studies utilizing Grb2þ/2 mice (43). Grb2 is a signaling protein that facilitates Ras activation by receptor tyrosine kinases including the PDGF-BB receptor (PDGF-bR) (31) . PDGF-BB is released locally by platelets and other cells in arteries after injury (33) . Similar to prior observations utilizing Ras inhibitors, Grb2þ/2 mice were resistant to neointima development following vessel injury (43) . Further, VSMCs harvested from Grb2þ/2 mice demonstrated decreased proliferation and Erk activation in response to PDGF-BB in vitro (43) .
Finally, when genetically engineered mice harboring constitutively active PDGF-bR only in VSMCs were intercrossed with low-density lipoprotein receptor knockout mice, which have a predisposition to developing atherosclerosis, the mutant progeny developed aneurysms and a marked susceptibility to atherosclerosis (32) . The mutant mice also showed hyperproliferation of VSMCs and increased Erk activation in vivo (32) . Consistent with the central pathogenic role of hyperactivation of the PDGF-bR and Erk signaling pathway in controlling VSMC proliferation in vivo, mutant mice treated with Gleevec, an inhibitor of PDGF-bR signaling, did not develop atherosclerosis or aneurysms (32) . Collectively, these studies provide a paradigm where hyperactivation of Ras and the PDGF-bR signaling pathway activates a discrete set of biochemical effectors which potentiates VSMC proliferation and migration in vivo.
Recent genetic and biochemical studies from our laboratory demonstrated that neurofibromin functions as a formal Ras GAP in both murine and human VSMCs in vitro (24) . Specifically Nf1þ/2 VSMCs have increased migration and proliferation in response to PDGF-BB stimulation via hyperactivation of the Ras-Erk signaling pathway (24) . Consistent with our prior in vitro observations, we now provide data in the present study to demonstrate that haploinsufficiency at Nf1 in vascular wall resident cells leads to hyperactivation of Erk, increased VSMC proliferation, and formation of an enlarged neointima in vivo in response to injury. This observation is consistent with the concept that precise regulation of the Ras-Erk signaling axis is critical for maintenance of vascular wall homeostasis and lumen integrity.
Gleevec is a potent inhibitor of both PDGF-BB-Ras-Erk signaling and c-kit receptor activation in vivo (50) and prevents neointima formation in other mouse models after arterial injury (32, 47) . Based on these prior studies and the fact that Nf1þ/2 VSMCs are hypersensitive to PDGF-BB stimulation, we tested whether Gleevec could prevent or delay neointima formation in Nf1þ/2 mice after vessel injury. In the present study, we show that Gleevec greatly diminishes neointima formation in Nf1þ/2 mice and reduces proliferation and Erk activation in VSMCs in vivo. While we do detect inhibition of Erk activation and proliferation in VSMCs in the vessel wall with Gleevec treatment in vivo, it is possible that Gleevec also prevents the influx of bone-marrow-derived VSMCs or inflammatory cells to the evolving neointima in Nf1þ/2 mice to account for the observed treatment effect. In support of this concept, recent murine genetic studies demonstrate that activation of the c-kit receptor in bone-marrow-derived cells mobilizes either VSMCs or cells that express VSMC antigens to enhance the progression of an evolving neointima by either direct cellular integration or paracrine stimulation of resident cells in the vessel wall (47, 51) . This observation is especially intriguing since previous studies from our group demonstrate that Nf1þ/2 bone-marrow-derived cells have increased proliferation, migration and survival in response to Kit ligand stimulation both in vitro and in vivo (49, 52, 53) . Utilizing adoptive bone-marrow-transplant techniques, we are currently testing the contribution of Nf1þ/2 bone-marrow-derived cells to neointima formation in other studies.
While these studies establish that Nf1 haploinsufficiency is sufficient to predispose mice to an enlarged neointima compared with controls in vivo, several questions remain. Blood vessels are composed primarily of a continuous monolayer (47,51,54 -56) . Therefore, based on the complex interaction between cells in response to arterial injury and the global control of Ras signaling, it is essential that the predominant cell lineage(s) involved in neointima formation in Nf1þ/2 mice be dissected in order to determine the optimal treatment and prevention of NF1 vasculopathy. Towards this goal, the function of neurofibromin has been interrogated in vivo in both ECs and VSMCs by lineage specific ablation of both Nf1 alleles utilizing murine cre/lox technology (30, 57) . Loss of heterozygosity by cre induced ablation at the Nf1 locus in ECs resulted in embryonic lethality secondary to the development of complex cardiac defects (57) . Interestingly, when both Nf1 alleles were ablated in VSMCs utilizing SM22 cre mice, the murine progeny developed normally with no overt vascular phenotype (30) . However, genetically engineered mice in which both Nf1 alleles were ablated in VSMCs while all other cell lineages were haploinsufficient at Nf1 had enhanced neointima formation characterized by VSMC accumulation in response to carotid ligation (30) . While these studies offer significant insight into the function of neurofibromin in both VSMCs and ECs in vivo, ablation of both Nf1 alleles in either VSMCs or ECs may overestimate the contribution of each individual cell lineage to neointima formation or mask the complex cellular phenotypes, which interact in the vessel wall since differences in signaling strength and duration have previously been shown between Nf12/2 and Nf1þ/2 cells (10,11). Loss of heterozygosity of NF1 in ECs or VSMCs has not been described in NF1 patients, therefore it remains important to dissect how Nf1þ/2 resident cells in the vessel wall and other cells potentially recruited to areas of arterial occlusion interact to produce vascular pathology.
In sum, this study provided evidence that heterozygous inactivation of Nf1 results in enhanced Erk phosphorylation, cellular proliferation and subsequent neointima formation in response to arterial injury via a Gleevec sensitive molecular pathway and provides an expandable platform to further understand NF1 vasculopathy. Studies are ongoing to dissect the role of specific cell lineages in the development NF1 vaso-occlusive disease utilizing cre/lox technology to generate mice that are haploinsufficient at Nf1 in ECs, VSMCs or bone-marrow-derived cells.
MATERIAL AND METHODS

Animals
Nf1þ/2 mice were obtained from Tyler Jacks at the Massachusetts Institute of Technology (Cambridge, MA) in a C57BL/6.129 background and backcrossed for 13 generations into the C57BL/6J strain. The Nf1 allele was genotyped by polymerase chain reaction (PCR) as previously described (53, 58) . All protocols for this study were approved by the Indiana University Laboratory Animal Research Center.
Carotid artery injury
The carotid arteries of 12-15-week-old C57BL/6 WT and Nf1þ/2 male mice were mechanically injured by use of a beaded guidewire as previously described with minor modifications (31, 37) . In brief, animals were anesthetized by inhalation of isoflurane (2%)-oxygen (98%) mixture. Under a dissecting microscope (Leica, Bannockburn, IL), the entire left carotid artery was exposed via an anterior incision of the neck. Microvascular clamps were used to temporarily occlude the common and internal carotid artery and a 6/O silk ligature was used to tie off the distal external carotid artery. An epoxy resin-beaded probe (0.45-0.6 mm diameter beads) was introduced through a transverse arteriotomy in the external carotid artery. The probe was inserted and withdrawn into the common carotid artery three times with rotation to denude the endothelium and stretch the artery 2-fold. The external carotid artery was immediately ligated proximal to the arteriotomy site. Microvascular clamps were removed and normal blood flow through the common carotid and internal carotid artery was re-established. The skin was closed with running 6/O suture.
Gleevec administration
When stated, Gleevec (50 mg/kg/day; Novartis International AG, Basel, Switzerland) was administrated once per day by intraperitoneal (I.P.) injection. Gleevec treatment began 3 days prior to carotid injury and continued through day 7 post injury. Mice recovered to 21 days post injury. Phosphate buffered saline (PBS; Invitrogen, Grand Island, NY) was given in an equivalent volume as described for Gleevec as a control.
Histopathology and immunohistochemistry
Twenty-one days after carotid injury, mice were anesthetized with 1.25% Avertin (Sigma-Aldrich, St Louis, MO) and were perfusion fixed in situ with PBS for 5 min followed by 4% paraformaldehyde in PBS (pH 7.3) for 10 min at a constant pressure of 100 mmHg. The injured left and control uninjured right common carotid arteries were excised under a dissecting microscope, fixed in 4% paraformaldehyde for 8-12 h at 48C and embedded in paraffin or snap-frozen in OCT (Sakura Finetek USA, Inc. Torrance, CA) in liquid nitrogen. Serial 5 mm cross-sections were made at 100 mm intervals across the length of the artery. H&E staining was conducted according to standard methods (Anatech, Ltd, Battle Creek, MI). For immunostaining, sections were blocked for endogenous peroxidase activity with 3% hydrogen peroxide in methanol following antigen retrieval in Antigen Unmasking Solution (Vector Laboratories, Berlingame, CA) at 958 C. Sections were blocked in 3% bovine serum albumin (BSA, Sigma) for 1 h and were stained for smooth muscle cells (anti-SMA, Sigma, 1:400), cellular proliferation (anti-Ki67, DAKO Corp, Carpinteria, CA, 1:50) or Erk phosphorylation (anti-phosphorylated-Erk, Cell Signaling, Danvers, MA, 1:100). Purified class-and species-matched immunoglobulins (BD Pharmingen, San Jose, CA) were used for isotype controls. Sections were incubated with appropriate biotinylated secondary antibody (Vector Laboratories) followed by incubation with either 3,3 0 -Diaminobenidine (DAB, Vector Laboratories) and counterstained with hematoxylin, or were mounted in 90% glycerol/10% PBS, pH 8.0, containing, . Analysis of a-SMA, Ki67 and Erk phosphorylation within the neointima of injured carotid arteries from Gleevec-treated Nf1þ/2 mice. Representative photomicrographs of a-SMA staining (left panels) of carotid artery cross-sections from injured Nf1þ/2 PBS-treated (top panels) and Nf1þ/2 Gleevec-treated (bottom panels) mice. a-SMA staining is seen in red, DAPI nuclear dye is blue and murine tissue autofluorescence is green. White arrows indicate neointima boundary. White boxes indicate area magnified in inset. Representative images of Ki67 (middle panels) and phoshophorylated-Erk (right panels) staining of carotid artery cross-sections counter-stained with hematoxylin (blue). Red arrows indicate neointima boundary. Black arrowheads represent positive Ki67 or phosphorylated-Erk staining (brown). Black boxes indicate areas magnified in insets. Results are representative of five independent experiments. Scale bars represent 50 mm.
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6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma) to permit nuclear identification. Sections were examined and images of sections were collected using a Zeiss Axioskop microscope (Carl Zeiss, Chester, VA) with a 20Â or 40Â CP-ACHROMAT/0.12NA objective. Images were acquired using a SPOT RT color camera (Diagnostic Instruments, Sterling Heights, MI). Percent positive Ki67 and phosphorylated-Erk cells in the neointima were calculated as: (total number positive cells in neoinitma/total cell number in neointima)7Â100.
Morphometric analysis
For morphometric analyses, images of H&E stained crosssections of injured and control arteries were analyzed using Metamorph 6.1 (Universal Imaging System Corp, Westerchester, PA). Lumen area, area inside IEL and area inside external elastic lamina were measured. Intima area and media area were calculated as previously described (38) . 5 -10 sections along the length of each artery were measured by a person blinded to animal genotypes and the (I/M) ratio was calculated for each artery. Percent lumen stenosis was calculated as: (intima area/IEL area)Â100.
Statistical analyses
All values are presented as mean+S.E.M. Intima area and I/M ratio analysis was assessed by One-way ANOVA with a Tukey post test was performed using GraphPad InStat version 3.00 (GraphPad Software, San Diego, CA, USA). Percent lumen stenosis, percent Ki67 positive cells, and percent phosphorylated Erk positive cells analyses were assessed by Students unpaired t test. P-values ,0.05 were considered significant.
